1. Introduction {#ente201900157-sec-0002}
===============

CO~2~ capture and separation is a major research subject as the current energy infrastructure strongly depends on fossil fuels. Due to the increasing atmospheric CO~2~ concentration that triggers climate changes and global warming, there is a strong need for the development of effective technologies to reduce CO~2~ emissions caused by burning of fossil fuels.[1](#ente201900157-bib-0001){ref-type="ref"} Not only removal of CO~2~ from flue gases but also separation of CO~2~ from natural gas is crucial because CO~2~ decreases the energy density of natural gas and causes corrosion in the transport pipelines.[2](#ente201900157-bib-0002){ref-type="ref"} Current CO~2~ separation technologies, cryogenic distillation and absorption, are energy‐intensive processes.[3](#ente201900157-bib-0003){ref-type="ref"} Alternative separation technologies based on adsorption have been recently developed for efficient capturing of CO~2~ from flue gas and upgrading of natural gas.[4](#ente201900157-bib-0004){ref-type="ref"} A diverse range of porous materials including activated carbons,[5](#ente201900157-bib-0005){ref-type="ref"} carbon nanotubes,[6](#ente201900157-bib-0006){ref-type="ref"} zeolites,[7](#ente201900157-bib-0007){ref-type="ref"} silica gels,[8](#ente201900157-bib-0008){ref-type="ref"} and carbon molecular sieves[9](#ente201900157-bib-0009){ref-type="ref"} have been utilized as adsorbents for the separation of CO~2~.

Metal organic frameworks (MOFs) are a novel class of porous materials composed of metal ions connected by organic linkers,[10](#ente201900157-bib-0010){ref-type="ref"}, [11](#ente201900157-bib-0011){ref-type="ref"} and they have been considered as promising adsorbent materials for gas separation applications due to their wide range of pore sizes and shapes that can be suitable for the capture of specific gases.[12](#ente201900157-bib-0012){ref-type="ref"} MOFs have high pore volumes, very large surface areas, and versatile physical and chemical properties, which are important advantages compared with the conventional porous adsorbents.[12](#ente201900157-bib-0012){ref-type="ref"}, [13](#ente201900157-bib-0013){ref-type="ref"}, [14](#ente201900157-bib-0014){ref-type="ref"} Several studies show that desired adsorption selectivity for a specific gas separation can be achieved by designing new MOF materials.[15](#ente201900157-bib-0015){ref-type="ref"}, [16](#ente201900157-bib-0016){ref-type="ref"}, [17](#ente201900157-bib-0017){ref-type="ref"}, [18](#ente201900157-bib-0018){ref-type="ref"} However, this task‐specific design approach requires tedious synthesis studies to discover such new materials with exceptionally high separation performance. Therefore, postsynthesis modification of an MOF, which offers high performance along with chemical and thermal stability, is a great opportunity for further improving its gas separation capacity. In this respect, using ionic liquids (ILs) for the postsynthesis modification of MOFs offers a broad potential. ILs are a class of salts consisting entirely of ions. They can be constituted of charged organic cations and organic or inorganic anions, or neutral ion pairs. Because of their tunable physicochemical properties, they have been used in various applications, including synthesis,[19](#ente201900157-bib-0019){ref-type="ref"}, [20](#ente201900157-bib-0020){ref-type="ref"}, [21](#ente201900157-bib-0021){ref-type="ref"} catalysis,[22](#ente201900157-bib-0022){ref-type="ref"}, [23](#ente201900157-bib-0023){ref-type="ref"}, [24](#ente201900157-bib-0024){ref-type="ref"} gas storage and separation.[25](#ente201900157-bib-0025){ref-type="ref"}, [26](#ente201900157-bib-0026){ref-type="ref"}, [27](#ente201900157-bib-0027){ref-type="ref"} Modification of MOFs with ILs can be either by the incorporation of ILs into the framework[28](#ente201900157-bib-0028){ref-type="ref"}, [29](#ente201900157-bib-0029){ref-type="ref"}, [30](#ente201900157-bib-0030){ref-type="ref"}, [31](#ente201900157-bib-0031){ref-type="ref"}, [32](#ente201900157-bib-0032){ref-type="ref"}, [33](#ente201900157-bib-0033){ref-type="ref"}, [34](#ente201900157-bib-0034){ref-type="ref"} or coating the external surface area of MOFs with ILs forming a core‐shell‐like structure.[35](#ente201900157-bib-0035){ref-type="ref"}

Although these postsynthesis studies presented very promising results for the performance improvement of the parent MOFs in gas separation, very limited numbers of IL/MOF composites have been reported so far. Most of these studies focused on the two different types of MOFs, CuBTC,[32](#ente201900157-bib-0032){ref-type="ref"}, [34](#ente201900157-bib-0034){ref-type="ref"} and ZIF‐8,[28](#ente201900157-bib-0028){ref-type="ref"}, [29](#ente201900157-bib-0029){ref-type="ref"}, [31](#ente201900157-bib-0031){ref-type="ref"}, [33](#ente201900157-bib-0033){ref-type="ref"}, [35](#ente201900157-bib-0035){ref-type="ref"} and there is currently a gap in the literature in terms of variety of MOFs used to make IL/MOF composites. Extending studies to different families of MOFs will provide a valuable insight intostructural factors determining the performances of IL/MOF composites in gas storage and separation. Motivated from this point, we focused on the postsynthesis modification of MIL‐53(Al), a widely studied MOF known to have a high selectivity toward CO~2~,[15](#ente201900157-bib-0015){ref-type="ref"}, [36](#ente201900157-bib-0036){ref-type="ref"}, [37](#ente201900157-bib-0037){ref-type="ref"} with an IL. We incorporated 1‐*n*‐butyl‐3‐methylimidazolium methyl sulfate (\[BMIM\]\[MeSO~4~\]), a well‐studied and commercially available IL, into MIL‐53(Al). This halide‐free alkyl sulfate IL was chosen because of its high CO~2~ solubility,[38](#ente201900157-bib-0038){ref-type="ref"} thermal and chemical stability, and cost‐effective synthesis, which make it possible to be applied to industrial processes.[39](#ente201900157-bib-0039){ref-type="ref"} The resulting structure was characterized in detail to elucidate the interactions between MIL‐53(Al) and \[BMIM\]\[MeSO~4~\]. We then performed volumetric gas adsorption measurements on the pristine and \[BMIM\]\[MeSO~4~\]‐incorporated MIL‐53(Al) and examined CO~2~/CH~4~ and CO~2~/N~2~ selectivities to identify the effects of these interactions on the gas separation performance of materials. Data presented in this work illustrate that \[BMIM\]\[MeSO~4~\] incorporation increases the CO~2~ selectivity by more than two‐times, opening up new opportunities for IL/MOF composites.

2. Results and Discussion {#ente201900157-sec-0003}
=========================

After \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) composite was prepared, first the elemental analysis was performed to confirm the corresponding IL loading. X‐ray fluorescence spectroscopy (XRF) results given in Table [1](#ente201900157-tbl-0001){ref-type="table"} show that approximately 26 wt% of IL loading was achieved.

###### 

Elemental analysis results of pristine MIL‐53(Al) and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al)

                Pristine MIL‐53(Al)   \[BMIM\]\[MeSO~4~\]/MIL‐53(Al)
  ------------ --------------------- --------------------------------
  CHN                  86.4                         88
  Al                   13.1                        8.81
  S                    0.34                        3.04
  Impurities           0.16                        0.15
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Based on the Brunauer--Emmett--Teller (BET) measurements, the surface area of pristine MIL‐53(Al) was determined as 621.7 m^2^ g^−1^, whereas \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) has a significantly lower surface area of 47.2 m^2^ g^−1^. This decrease in the surface area is consistent with the decrease in N~2~ adsorption amount upon IL incorporation into the framework (Figure S1, Supporting Information). Results also indicate a reduction in the pore volume of pristine MIL‐53(Al) from 0.22 cm^3^ g^−1^ to an immeasurable value upon the deposition of IL. However, we note that BET results might be unreliable for \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) composite because of the low solubility of N~2~ in the IL present inside the MOF, as the IL molecules might be located near the pore openings and might significantly block the accessibility of the pores under the conditions of BET measurements.[34](#ente201900157-bib-0034){ref-type="ref"}

Scanning electron microscopy (SEM) images obtained for the pristine MIL‐53(Al) and the \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) composite are shown in Figure [1](#ente201900157-fig-0001){ref-type="fig"}. In these images, crystallites having diameters between 2 and 6 µm were observed on pristine MIL‐53(Al). Images further indicate that the particle size and morphology of the MIL‐53(Al) do not change significantly upon the incorporation of \[BMIM\]\[MeSO~4~\].

![SEM micrographs of a,c) MIL‐53(Al) and b,d) \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) at a magnification of 100 K× (a,b) and 25 K× (c,d). Sharpness enhanced image of (a) is given in Figure S2, Supporting Information.](ENTE-7-1900157-g002){#ente201900157-fig-0001}

The X‐ray diffraction spectroscopy (XRD) patterns given in Figure [2](#ente201900157-fig-0002){ref-type="fig"} show that characteristic features of MIL‐53(Al) were preserved with some slight changes in intensities. These results confirm that the structure of the framework was conserved during the synthesis of the composite.[31](#ente201900157-bib-0031){ref-type="ref"}, [32](#ente201900157-bib-0032){ref-type="ref"}, [33](#ente201900157-bib-0033){ref-type="ref"}, [34](#ente201900157-bib-0034){ref-type="ref"}, [35](#ente201900157-bib-0035){ref-type="ref"} However, it is important to note that there are two peaks below 10° centered at 8.85° and 9.44°, indicating the large and narrow pore forms of MIL‐53(Al), respectively.[40](#ente201900157-bib-0040){ref-type="ref"} Additional XRD analyses on \[BMIM\]\[MeSO~4~\]‐incorporated MIL‐53(Al) samples with a different IL loading illustrated that a higher loading of \[BMIM\]\[MeSO~4~\] induces a structural transformation from narrow to large pore by expanding the pores of MIL‐53(Al) (Figure S3, Supporting Information). Thus, we infer that MIL‐53(Al) in the composite material with 26 wt% IL loading, which we focus on in this study, has predominantly large pore configuration. Other observed intensity changes might be generated from either the change in crystal sizes depending on the sample preparation or a change in electronic environment as a consequence of the presence of the IL in the MOF structure. As these changes are connected with how IL molecules interact with the framework, we performed Fourier‐transform infrared (FTIR) spectroscopy analysis and examined the changes in IR spectra to elucidate these interactions.

![X‐ray diffraction patterns of MIL‐53(Al) (blue) and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) (red).](ENTE-7-1900157-g003){#ente201900157-fig-0002}

Figure [3](#ente201900157-fig-0003){ref-type="fig"} compares the IR spectrum of \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) composite with those of the pristine MIL‐53(Al) and the bulk \[BMIM\]\[MeSO~4~\] in two different frequency ranges, between 1800 and 400 cm^−1^ and 3200 and 2700 cm^−1^. Data illustrate that IL/MOF composite presents new peaks that were not present in the pristine MOF. These newly formed peaks at 1226, 1061, 1016, and 740 cm^−1^ were also observed in the spectrum of the bulk \[BMIM\]\[MeSO~4~\], indicating the successful IL incorporation into the framework.[31](#ente201900157-bib-0031){ref-type="ref"}, [32](#ente201900157-bib-0032){ref-type="ref"}, [33](#ente201900157-bib-0033){ref-type="ref"}, [34](#ente201900157-bib-0034){ref-type="ref"} Among these bands, those at 1226 and 1016 were assigned to ---SO~3~ stretching in IL\'s anion (asymmetric *v* ~as~(---SO~3~) and symmetric *v* ~s~(---SO~3~) modes, respectively).[41](#ente201900157-bib-0041){ref-type="ref"}, [42](#ente201900157-bib-0042){ref-type="ref"} Although *v* ~as~(---SO~3~) did not show any significant shift higher than the spectral resolution, the symmetric mode (*v* ~s~(SO~3~)) showed a blue shift of approximately 6 cm^−1^ upon incorporation into MOF. The symmetric stretching vibration of S---O (*v* ~s~(S---O)) showed a blue shift of 6 cm^−1^, from 734 cm^−1^ in the bulk IL to 740 cm^−1^ in the composite.[43](#ente201900157-bib-0043){ref-type="ref"} These shifts to higher frequencies imply the strengthening of the corresponding bonds in the IL\'s anion, showing the existence of a direct interaction between the MOF and the anion of IL.[31](#ente201900157-bib-0031){ref-type="ref"}, [32](#ente201900157-bib-0032){ref-type="ref"}, [33](#ente201900157-bib-0033){ref-type="ref"}, [34](#ente201900157-bib-0034){ref-type="ref"}

![FTIR spectra of pristine MIL‐53(Al) (blue), bulk \[BMIM\]\[MeSO~4~\] (green), and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) (red) samples between a) 1800 and 400 cm^−1^ and b) 3200 and 2700 cm^−1^.](ENTE-7-1900157-g004){#ente201900157-fig-0003}

On the other hand, both the pristine MOF and the composite material exhibited the characteristic vibrational bands in the 1700--1400 cm^−1^ region for Al‐coordinating carboxylate groups of terephthalic acid linker.[44](#ente201900157-bib-0044){ref-type="ref"}, [45](#ente201900157-bib-0045){ref-type="ref"} In addition, no additional bands could be observed in the 1700--1400 cm^−1^ region, indicating that there are no free linker molecules enclosed within the pores.[44](#ente201900157-bib-0044){ref-type="ref"} The asymmetric mode of ---CO~2~ stretching vibrations (*v* ~as~(---CO~2~)) was observed at 1603 and 1505 cm^−1^, whereas the symmetric mode of carboxylic groups (*v* ~s~(---CO~2~)) was located at 1450 and 1418 cm^−1^ for pristine MIL‐53(Al).[44](#ente201900157-bib-0044){ref-type="ref"} When the IR spectra of the pristine and the IL‐incorporated MOF were compared, both symmetric ---CO~2~ stretching vibrations showed slight red shifts from 1450 and 1418 to 1447 and 1415 cm^−1^, respectively, whereas the band assigned to stretching vibration between the carboxyl group and aromatic ring (*v*(---CC)) shows a blue shift from 1163 to 1169 cm^−1^. Two features located at 991 and 852 cm^−1^ also exhibited red shifts of 15 and 4 cm^−1^ upon IL incorporation, indicating a decrease in the energy of rocking vibration of the hydroxyl group (δ(---OH)) and bending vibration of the carboxyl group (δ(---CO~2~)) or the aromatic ring (δ(---CCC)), respectively.[45](#ente201900157-bib-0045){ref-type="ref"} In addition, aluminum‐oxide backbone, which is the secondary building unit of MIL‐53(Al), can be a good indicator of interactions between the MOF and incorporated IL. Two features located at 681 and 658 cm^−1^ belong to asymmetric and symmetric stretches of aluminum‐oxide backbone (*v*(Al---O---Al)) in the IR spectrum of MIL‐53(Al)[45](#ente201900157-bib-0045){ref-type="ref"} shifted to 696 and 662 cm^−1^, respectively. These blue shifts indicate a possible strengthening of the aluminum‐oxide backbone. Similarly, we also observed shifts in the high wavenumber region. The assignments for *v*(C2H) and *v*(HC4C5H) on the ring structure of IL\'s cation observed at 3104 and 3152 cm^−1^ exhibited blue shifts of 40 and 11 cm^−1^, respectively.[46](#ente201900157-bib-0046){ref-type="ref"} Along with these major shifts, other peak assignments for pristine and IL‐incorporated MIL‐53(Al) are given in Table S1, Supporting Information. Consequently, as we observed major shifts in the bands assigned to IL and aluminum‐oxide backbone, it can be inferred that the ions of the incorporated IL interacted with the MOF in the composite. Since polar molecules such as CO~2~ interact mainly with hydroxyl groups of pristine MIL‐53(Al),[47](#ente201900157-bib-0047){ref-type="ref"} it is assumed that IL, which is also a polar molecule, might interact with hydroxyl group of MIL‐53(Al). Based on all these shifts discussed earlier, we deduce that \[MeSO~4~\]^−^ interacts with the hydroxyl groups in the MOF by weakening the corresponding bonds, which results in the strengthening of aluminum‐oxide backbone, and weakening the carboxyl group of the linker molecules as evidenced by enhancing the strength of bond between the carboxyl group and the aromatic ring. This interaction may be the result of a repulsive interaction in a confined space or as a result of the interaction with positively charged sites (mainly aluminum sites) affecting the rest of the MOF structure. The interaction of the IL\'s anion with MOF also improves the strength of inner S---O bond, signified by blue shifts in *v* ~s~(---SO~3~). When the interaction between the MOF and anion of IL increases, interionic interaction of IL weakens as implied by a blue shift in *v*(C2H).[48](#ente201900157-bib-0048){ref-type="ref"} As a result, these interactions in the composite material should have a significant influence on the thermal stability limits and gas uptake amounts.

Thermogravimetric analysis (TGA) results of the pristine MIL‐53(Al), bulk \[BMIM\]\[MeSO~4~\], and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) are shown in Figure [4](#ente201900157-fig-0004){ref-type="fig"}. The derivative onset temperature (*T*′~onset~) of the IL‐incorporated MIL‐53(Al) was found as 235 °C, whereas that of the pristine MOF and bulk IL were 498 and 257 °C, respectively, as stated in Table [2](#ente201900157-tbl-0002){ref-type="table"}. TGA of the samples in Figure [4](#ente201900157-fig-0004){ref-type="fig"} further indicated that the thermal decomposition of IL‐incorporated MIL‐53(Al) occurs by more than one step unlike pristine MOF and bulk IL. After the removal of water content, first decomposition starts at 235 °C, which is 22 °C lower than the decomposition temperature of bulk IL, and continues with a constant rate until the second decomposition step begins at 511 °C, which is 13 °C higher than that of pristine MIL‐53(Al). This change in the decomposition mechanism provides evidence on the existence of direct interactions between MIL‐53(Al) and \[BMIM\]\[MeSO~4~\], as indicated by the FTIR results. Eventually, the individual thermal decomposition reactions vary significantly because the IL‐incorporated MIL‐53(Al) behaves as a different system because of these interactions.

![a) TGA and b) DTG curves of pristine MIL‐53(Al) (blue), bulk \[BMIM\]\[MeSO~4~\] (green), and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) (red) samples.](ENTE-7-1900157-g005){#ente201900157-fig-0004}

###### 

Derivative onset temperature (*T*′~onset~) and weight loss of pristine MIL‐53(Al), bulk \[BMIM\]\[MeSO~4~\], and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) samples

  Sample                            *T*′~onset~ \[°C\]   Weight loss \[wt%\]
  -------------------------------- -------------------- ---------------------
  MIL‐53(Al)                               498                   66
  \[BMIM\]\[MeSO~4~\]                      257                   97
  \[BMIM\]\[MeSO~4~\]/MIL‐53(Al)           235                   76
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To investigate the effects of these interactions between MIL‐53(Al) and \[BMIM\]\[MeSO~4~\] on the performance of the composite material, we performed volumetric CH~4~, CO~2~, and N~2~ adsorption measurements at 25 °C up to 5 bar. Figure [5](#ente201900157-fig-0005){ref-type="fig"} shows the adsorption isotherms of these gases on the IL/MOF composite in comparison with those of pristine MOF.

![Excess adsorption isotherms of a) CH~4~, b) CO~2~, and c) N~2~ in pristine MIL‐53(Al) and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) at 25 °C.](ENTE-7-1900157-g006){#ente201900157-fig-0005}

As BET and XRF measurements confirmed that the available pore volume and number of adsorption sites decrease, the IL/MOF composite has lower gas uptakes compared with pristine MOF.[31](#ente201900157-bib-0031){ref-type="ref"}, [32](#ente201900157-bib-0032){ref-type="ref"}, [33](#ente201900157-bib-0033){ref-type="ref"}, [34](#ente201900157-bib-0034){ref-type="ref"} However, data suggest that each gas shows a different level of decrease in uptake. These can be attributed to the differences in the interactions between the guest molecules and the IL/MOF composite, in which the IL interacts strongly with the adsorption sites of the MIL‐53(Al), as indicated by the FTIR and TGA results. The different level of decrease in gas adsorption performance offers opportunities for improving the gas separation performance of materials. Therefore, we fitted excess gas adsorption isotherms to dual‐site Langmuir models and calculated ideal selectivities of pristine and IL‐incorporated MIL‐53(Al). Isotherm fitting parameters are provided in Table S2 and S3, Supporting Information.

Figure [6](#ente201900157-fig-0006){ref-type="fig"} shows ideal selectivities of pristine MIL‐53(Al) and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) for CO~2~/CH~4~ and CO~2~/N~2~ separations at 25 °C and up to 5 bar. Since CO~2~ strongly interacts with hydroxyl groups of MIL‐53(Al)[37](#ente201900157-bib-0037){ref-type="ref"}, [49](#ente201900157-bib-0049){ref-type="ref"} and it has a higher solubility in \[BMIM\]\[MeSO~4~\],[38](#ente201900157-bib-0038){ref-type="ref"} higher adsorption was observed for CO~2~ in both pristine and IL‐incorporated MIL‐53(Al) compared with other gases. As a result, CO~2~/CH~4~ and CO~2~/N~2~ selectivities of MIL‐53(Al) were enhanced upon IL incorporation. The CO~2~/CH~4~ selectivity of the IL/MOF composite exhibits an approximately two times increase compared with pristine MIL‐53(Al) up to 1 bar (Figure [6](#ente201900157-fig-0006){ref-type="fig"}a). The most remarkable improvement was obtained in the CO~2~/N~2~ selectivity of the IL/MOF composite. Data showed that the improvement was more than three times at low pressures up to 0.1 bar, and it was approximately two times higher up to 5 bar (Figure [6](#ente201900157-fig-0006){ref-type="fig"}b). The incorporation of \[BMIM\]\[MeSO~4~\] improves CO~2~ selectivity of MIL‐53(Al) and provides new opportunities for designing new composites with MIL‐53(Al), an MOF that has not been considered before for IL/MOF composites, to the best of our knowledge.

![Ideal and mixture (for CO~2~/CH~4~:50/50 and for CO~2~/N~2~:15/85) selectivities of MIL‐53(Al) and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) samples for a) CO~2~/CH~4~ and b) CO~2~/N~2~ separations at 25 °C.](ENTE-7-1900157-g007){#ente201900157-fig-0006}

Gases exist as mixtures in real separation processes; therefore, we predicted binary mixture gas adsorption isotherms in both pristine and IL‐incorporated MIL‐53(Al) samples, considering CO~2~/CH~4~:50/50 and CO~2~/N~2~:15/85 mixtures to represent natural gas and flue gas, respectively. We used ideal adsorption solution theory (IAST)[50](#ente201900157-bib-0050){ref-type="ref"} to obtain multicomponent adsorption isotherms using the data of single‐component adsorption isotherms we measured. As shown in Figure [6](#ente201900157-fig-0006){ref-type="fig"}, binary mixture selectivities (CO~2~/CH~4~:50/50 and CO~2~/N~2~:15/85) of pristine MOF and the IL/MOF composite predicted by the IAST were in good agreement with the ideal selectivities as pressure approach to zero as expected.[31](#ente201900157-bib-0031){ref-type="ref"} Selectivities for both CO~2~/CH~4~ and CO~2~/N~2~ mixtures were higher than the ideal selectivities at a high pressure as shown in Figure [6](#ente201900157-fig-0006){ref-type="fig"}a,b, respectively. The selectivity of the IL/MOF composite was approximately 11 and 39 for CO~2~/CH~4~ and CO~2~/N~2~ mixtures, respectively, at 1 bar and 25 °C, which are almost twice of those of MIL‐53(Al). This is an anticipated outcome as the single‐component adsorption isotherms showed that CO~2~ molecules are more strongly adsorbed than CH~4~ and N~2~ by pristine and IL‐incorporated MIL‐53(Al) so that they occupy more adsorption sites in the framework. As a consequence of this competitive adsorption between gases, higher mixture selectivities were obtained than ideal selectivities. Both ideal and mixture selectivities of the composite for CO~2~/N~2~ separation were improved three‐times in comparison with pristine MIL‐53(Al) at low pressures, also showing higher CO~2~/N~2~ selectivity than the recently reported data for postsynthetically modified MIL‐101.[51](#ente201900157-bib-0051){ref-type="ref"}

To further understand the reasons of improved CO~2~ separation performance of the composite, we measured the isosteric heat of adsorption (*Q* ~st~) values of CO~2~, CH~4~, and N~2~ as a function of gas uptake in MIL‐53(Al) and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al). *Q* ~st~ values of CO~2~, CH~4~, and N~2~ in MIL‐53(Al) that we measured were found to be in good agreement with the literature.[52](#ente201900157-bib-0052){ref-type="ref"}, [53](#ente201900157-bib-0053){ref-type="ref"} Data given in Figure [7](#ente201900157-fig-0007){ref-type="fig"} illustrate that the *Q* ~st~ of CO~2~ in \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) composite is higher than that in pristine MIL‐53(Al), whereas the *Q* ~st~ values of CH~4~ and N~2~ in \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) are lower than those in MIL‐53(Al) throughout the whole uptake range. Results indicate stronger interactions between CO~2~ and MIL‐53(Al) upon IL incorporation, which is consistent with our findings showing improved CO~2~/CH~4~ and CO~2~/N~2~ selectivities of IL‐incorporated MIL‐53(Al).

![Isosteric heat of adsorption values of a) CH~4~, b) CO~2~, and c) N~2~ in MIL‐53(Al) and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al).](ENTE-7-1900157-g008){#ente201900157-fig-0007}

For industrial applications, the reusability of the material is another important parameter. Hence, we performed cyclic CO~2~ adsorption measurements on the composite material under ideal conditions using a different batch of sample prepared by the same procedure. Figure [8](#ente201900157-fig-0008){ref-type="fig"} shows that CO~2~ adsorption capacity of \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) composite remained very stable during six cycles. Data further showed that there is no hysteresis between adsorption and desorption isotherms for CO~2~ (the cyclic CO~2~ adsorption--desorption data are provided in Figure S4, Supporting Information). These results indicate that there is no IL leaching and the sample is reusable. Based on these enhancements in CO~2~ selectivities and readiness for reuse, \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) composite can be accepted as a promising alternative in CO~2~ separation processes.

![CO~2~ adsorption capacity of \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) during six cycles at 25 °C. Bars indicated as 0 represent the first synthesized batch, and the other six represent the consecutive adsorption cycles of the different batch synthesized with the same procedure.](ENTE-7-1900157-g009){#ente201900157-fig-0008}

3. Conclusion {#ente201900157-sec-0004}
=============

This study illustrates that \[BMIM\]\[MeSO~4~\] incorporation with a loading of 26 wt% into MIL‐53(Al) significantly improves the CO~2~ selectivity of the parent MOF over CH~4~ and N~2~. Detailed characterizations of pristine and \[BMIM\]\[MeSO~4~\]‐incorporated MIL‐53(Al) samples were investigated by XRF, BET, SEM, XRD, FTIR, and TGA measurements. XRF and BET results showed the successful incorporation of \[BMIM\]\[MeSO~4~\] into the MOF. SEM and XRD results confirmed the stability of MIL‐53(Al) upon the IL incorporation, whereas FTIR showed the evidence on the existence of direct interactions between the MOF and the confined IL. Results from TGA indicated that these interactions change the decomposition mechanism of the composite material compared with pristine MOF and bulk IL. Volumetric gas adsorption measurements illustrated a decrease in the uptake of each gas at different levels upon the IL incorporation. The IL/MOF composite showed the highest affinity toward CO~2~ over CH~4~ and N~2~ up to 5 bar. As a result, the ideal CO~2~/CH~4~ selectivity increased from 4.1 to 9.3 at 0.5 bar, and ideal selectivity for CO~2~/N~2~ improved from 12 to 39 at 0.01 bar. Results further demonstrated that IL incorporation doubles the CO~2~/N~2~ selectivity of MIL‐53(Al) even at relatively higher pressures, up to 5 bar. Similarly, IAST calculations showed that IL incorporation doubles CO~2~/CH~4~:50/50 and CO~2~/N~2~:15/85 mixture selectivities compared with those of parent MOF at 1 bar. The heat of adsorption results indicated that *Q* ~st~ of CO~2~ increased while those of CH~4~ and N~2~ decreased upon the incorporation of the IL, and consequently, the composite becomes more selective toward CO~2~. All these results indicate that the novel composite material we introduced in this study has a strong potential to be used for the efficient separation of CO~2~ from natural gas and flue gas. Finally, our results suggest that the IL/MOF composites having enhanced gas separation performances can be designed by altering the possible combinations of ILs and MOFs with an almost limitless number of possibilities.

4. Experimental Section {#ente201900157-sec-0005}
=======================

 {#ente201900157-sec-0006}

###  {#ente201900157-sec-0007}

#### Materials {#ente201900157-sec-0008}

MIL‐53(Al) (Basolite A100, aluminum terephthalate), \[BMIM\]\[MeSO~4~\] (1‐*n*‐butyl‐3‐methylimidazolium methyl sulfate), and acetone (≥99.5%) were obtained from Sigma--Aldrich and stored in glove box (Protector Controlled Atmosphere, Labconco) filled with Ar gas. CO~2~ (99.9%), N~2~ (99.998%), and He (99.999%) gases were obtained from Air Liquide, and CH~4~ (99.95%) gas was purchased from Messer Group for the gas adsorption measurements.

#### Sample Preparation {#ente201900157-sec-0009}

We first activated MIL‐53(Al) at 200 °C overnight under vacuum, and IL‐incorporated MIL‐53(Al) composite (\[BMIM\]\[MeSO~4~\]/MIL‐53(Al)) was prepared using the method as reported earlier.[31](#ente201900157-bib-0031){ref-type="ref"} Earlier studies showed that as the IL loading increases, better gas separation performances were obtained, therefore the maximum achievable IL loading that does not result in a mud formation when mixed with MOF was used in this work. We dissolved \[BMIM\]\[MeSO~4~\] (300 mg) in acetone (20 mL) by stirring at ambient conditions for 1 h. Then, the dehydrated MIL‐53(Al) (700 mg) was added while stirring the mixture at 35 °C. After the acetone was almost completely evaporated, we dried the sample at 105 °C overnight and stored in a desiccator.

#### XRF Spectroscopy {#ente201900157-sec-0010}

The elemental analyses of the samples were performed on a Bruker S8 Tiger spectrometer. X‐ray tube with 4 kW Rh anode was used for the XRF analyses carried out under helium atmosphere.

#### BET Surface Area and Pore Analysis {#ente201900157-sec-0011}

The BET analyses were conducted on a Micromeritics ASAP 2020 BET Analyzer (Micromeritics) using 150 mg of sample. After the activation of samples at 150 °C overnight under vacuum, N~2~ gas adsorption isotherms were obtained at 77 K. Surface areas were determined using the BET equation, and the pore volumes of the samples were obtained by the *t*‐plot method.

#### Scanning Electron Microscopy {#ente201900157-sec-0012}

SEM images were taken using a Zeiss Evo LS 15 with an accelerating voltage of 3 kV and a working distance of 6.5 mm under vacuum. Morphological analyses of the surface of pristine MIL‐53(Al) and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) were done at 25 K× and 100 K×.

#### XRD Spectroscopy {#ente201900157-sec-0013}

XRD patterns were collected by using a Bruker D8 phaser instrument with a Cu Kα~1~ (*λ* = 1.5406 Å) radiation source and Lynxeye detector. Generator at 10 mA of current and 30 kV of voltage was used with a resolution of 0.0204° between 5° and 45°.

#### FTIR Spectroscopy {#ente201900157-sec-0014}

A Bruker Vertex 80v FTIR spectrometer was used for IR spectroscopy. Analyses were conducted using potassium bromide (KBr) windows as the sample holder under vacuum at room temperature. Five hundred and twelve (128) scans were performed for sample (background) scan between the range of 4000 and 400 cm^−1^ in the transmission mode. The resolution of 2 cm^−1^ was used for each measurement.

#### Thermogravimetric Analysis {#ente201900157-sec-0015}

TGA curves were collected using a TA Instruments Q500 thermogravimetric analyzer. For pristine MIL‐53(Al), bulk \[BMIM\]\[MeSO~4~\], and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) composite, the following procedure was applied using a platinum sample pan. The temperature was first increased to 100 °C at a heating rate of 5 °C min^−1^, and an isothermal condition was maintained for 8 h. After that, a ramp rate of 2 °C min^−1^ was applied until the temperature reached to 700 °C. During the measurements, continuous N~2~ flow was provided for balance and purged with a rate of 40 and 60 mL min^−1^, respectively. Thermal decomposition temperatures were determined from the derivative thermogravimetric (DTG) curve as the derivative onset temperature (*T*′~onset~) because they are generally overestimated by the onset temperature (*T* ~onset~).[54](#ente201900157-bib-0054){ref-type="ref"}

#### Gas Adsorption Measurements {#ente201900157-sec-0016}

Gas adsorption performances of pristine MIL‐53(Al) and IL/MOF composite were measured using a High Pressure Volumetric Adsorption analyzer (HPVA II Micromeritics). 350 mg of sample was used for each measurement. Before the analyses, we first activated both pristine MIL‐53(Al) and \[BMIM\]\[MeSO~4~\]/MIL‐53(Al) overnight at 150 °C under vacuum. The degassing treatment was completed when the pressure reached to 10^−3^ mbar. To remove residual gases, all lines were purged with He gas just before the analyses. We conducted the adsorption measurements of CO~2~, CH~4~, and N~2~ gases on both pristine MOF and composite material at pressures in the range from 0.1 to 5 bar at a constant temperature of 25 °C. When the measurement was completed, dry weights of the samples were recorded, and these values were used to calculate gas adsorption amounts per gram of material. The dual‐site Langmuir models were fitted to the adsorption isotherms using Ideal Adsorbed Solution Theory (IAST)++ software.[50](#ente201900157-bib-0050){ref-type="ref"} Ideal selectivities were calculated using the single‐component gas adsorption isotherms, and mixture selectivities were estimated using the IAST.[50](#ente201900157-bib-0050){ref-type="ref"} The isosteric heat of adsorption (*Q* ~st~) values was evaluated by the virial method.[33](#ente201900157-bib-0033){ref-type="ref"} The adsorption of CO~2~ on pristine MOF and the composite material was measured at two different temperatures (10 and 15 °C). The virial‐type thermal adsorption equation was used to fit uptake values. (Fit parameters are provided in Table S4, Supporting Information). The reusability of the composite was investigated by CO~2~ adsorption cycles for six‐times.
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